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PHOTOSYNTHETIC PHOSPHORYLATION CATALYZED BY FACTORS ISOLATED FROM PHOTOSYNTHETIC ORGANISMS*,t BY C. C. BLACK, A. SAN PIETRO, DOROTHY LIMBACH, AND GRACE NORRIS CHARLES F. KETTERING RESEARCH LABORATORY, YELLOW SPRINGS, OHIO
Communicated by Britton Chance, May 15, 1963 Photosynthetic organisms are of prime importance to life in that they can convert electromagnetic energy into useful chemical energy. It is generally accepted that adenosine triphosphatet is one of the initial stable products of the energy conversion mechanism. Equation 1 summarizes the over-all reaction whereby electromagnetic energy is converted to chemical energy in the form of ATP. This energy conversion process, which doubtless is multicomponent in nature, is commonly referred to as photosynthetic phosphorylation or photophosphorylation.
In view of the importance of this process in cellular metabolism and physiology, it is of considerable interest to determine the naturally occurring components involved in photophosphorylation.
Subsequent to the initial observations of photophosphorylation in bacteria by FrenkelI and in higher plants by Arnon et whereas an alkaline solution is yellow. Fluorescence and activation spectra of the active factor are given in Figure 2 . A pronounced fluorescence peak was observed at 440 mi, and this was activated maximally by irradiation at 358 mjt. The activation and fluorescence spectra (Fig. 2) indicate that the absorption maximum at 358 mus observed in the alkaline absorption spectrum (Fig. 1) is connected with the fluorescence. The intensity of both the activation and fluorescence spectra (Fig. 2) is pH dependent in a fashion similar to the absorption spectrum (Fig. 1) .
Many photosynthetic organisms were examined for a heat-stable, water-soluble factor which would catalyze photophosphorylation. The organisms tested and the rates of photochemical ATP production by fragmented spinach chloroplasts in the presence of the factor isolated from each organism are shown in Table 1 . No significance is attached to the rate of ATP production observed in the presence of the factor isolated from each organism, except that a higher rate indicates that the factor has been further purified from that specific organism. Since all of'these VOL. 50, 1963 BIOCHEMISTRY: BLACK ET AL. 41 activities were measured with fragmented spinach chloroplasts, it is evident that the organism from which the factor was isolated had little effect on the ability of the factor to catalyze photophosphorylation by chloroplasts. For example, factor(s) made from algae or a flagellate or photosynthetic bacteria are active with spinach chloroplasts. In addition, the factor made from spinach chloroplasts stimulates photophosphorylation by chromatophores from Chromatium and Rhodospirillum rubrum. 11 The effect of the concentration of factor isolated from spinach on photophosphorylation by fragmented spinach chloroplasts is shown in Figure 3 . The reaction is linear with time for about 5 min (Fig. 4) and with chlorophyll concentration up to 40 ,ugrams of chlorophyll per ml (Fig. 5) . Anaerobic conditions inhibited the reaction about 90 per cent with-argon as the gaseous phase; with nitrogen only about 60 per cent inhibition was observed (Fig. 6) . The possibility exists that the nitrogen contained a small quantity of oxygen which was sufficient to oxidize some component of the reaction mixture.
Rhodospirillum rubrum chromatophores support photophosphorylation in the absence of exogenous redox substances.' The data presented in Table 2 indicate that this endogenous photophosphorylation decays rapidly upon storage of the chromatophores. Furthermore, the factor isolated from Rhodospirillum rubrum stimulates ATP production by a fairly constant amount regardless of the endogenous rate of photophosphorylation ( enous plus factor photophosphoryla-.6 Aerobic + Factor tion is given in Figure 7 . The effect of bacteriochlorophyll concentration is
. 5 //presented in Figure 8 . Krogmann and Stiller'5 have reported that a "flavone-type" compound isolated from chloroplasts prepared in nonaqueous media catalyzed photophosphorylation. It was of interest, therefore, to determine if the factor was a flavone. The factor does not form lead, ferric, or ferrous salts characteristic of flavones and, furthermore, is insoluble in butanol and ethyl acetate. From a comparison of the absorption spectra of the factor ( Fig. 1) with those given by Krogmann and Stiller, it is apparent that their compound and ours are different. It is also pertinent to point out that Chlorella contains the factor (Table 1) and that Chlorella does not contain flavones (Dr. R. Hill, personal communication). This comparison with the characteristics of other reported "cofactors" of photophosphorylation suggests that we have isolated a new, naturally occurring, heat-stable, water-soluble component of the photophosphorylation process.
Summary.-The isolation from photosynthetic organisms and the properties of a naturally occurring, water-soluble, heat-stable factor (phosphodoxin) which catalyzes photosynthetic phosphorylation either by spinach chloroplasts or bacterial chromatophores are presented. Phosphodoxin has been isolated from the following types of photosynthetic organisms: higher plant, algae, flagellate, and bacteria.
